A new anomaly-free gauged U (1) ℓ lepton-number model is studied. Two standard model lepton generations acquire the same but oppositive sign U (1) ℓ charges, while four exotic chiral leptons cancel the anomalies of the remaining lepton family. We discuss a simplified case which has the universal Yukawa couplings. It agrees with all the experimental constraints and predicts m e , m µ ≪ m τ , and the latter is of the electroweak scale. Due to the interference between the SM and U (1) ℓ gauge interactions, this model robustly predicts that e, µ, τ have distinctive forward-backward asymmetries at the e + e − colliders. It can be searched for at the e + e − machine with ∼ TeV center-of-mass energy and an integrated luminosity ∼ ab −1 .
I. INTRODUCTION
The Standard Model (SM) of particle physics based on the gauge group SU(3) × SU(2) × U(1) is spectacularly successful in explaining current data. It contains two accidental symmetries associated with lepton-and baryon-number conservation. The structure of the model cannot explain their occurrence. Furthermore, the minimal version cannot accommodate neutrino masses which are indicated by neutrino oscillation data. Without adding any new degrees of freedom, finite neutrino masses can be induced by adding a dimension-five Weinberg operator [1] ,
Where ℓ L denotes the SM lefthanded doublet, H is the SM Higgs field, Λ is an unknown cutoff scale, and c is a free parameter. After H takes a vacuum expectation value v ≃ 247GeV, a neutrino mass m ν ∼ cv 2 Λ is generated. This operator breaks the lepton-number. In order to satisfy the experimental limit of m ν 1eV, the scale Λ must be in the range of 1 to 10 11 TeV. This path for neutrino masses generation indicates that the SM is an effective theory and it has to be extended. breaks ℓ by two units. Moreover, whether the lepton-number symmetry, taken to be U(1) ℓ , is a global or local gauge symmetry is left unanswered. If U(1) ℓ were a broken global symmetry, a massless Goldstone boson, the Majoron, will be generated [2] . The astroparticle and cosmological consequences of this case was studied in [3] [4] [5] . On the other hand, for a broken gauged U(1) ℓ the Goldstone boson will become the longitudinal component of a massive leptophilic gauge boson Z ℓ . The existence of Z ℓ is a robust prediction if lepton-number is a broken gauged Abelian symmetry. It is also well-known that the SM is anomalous under U(1) ℓ . How one solves these anomalies requires a more in-depth look into the nature of lepton-number.
Historically, the three SM lepton generations are given different names or quantum numbers(q.n.), e, µ, τ , and were taken to be conserved 1 . With the discovery of neutrino oscilla-1 Different conserved electron and muon q.n. were first introduced in [6] to explain the non-observation of µ → eγ for massless neutrinos. Currently, within the SM this decay has a tiny branching ratio 10
due to the neutrino masses 1 eV; thus, eliminating the need for these conserved q.n. In addition, all SM processes measured are not sensitive to what these q.n. are.
tions these q.n. can no longer be conserved. Nevertheless; they serve as efficient bookkeeping devices. In most studies, they all are assigned with the same lepton-number ℓ = 1. In this paper, we shall refer to them as first, second and third generations, and reserve the flavor labeling e, µ, τ to denote the charged lepton in the mass basis with eigenvalues m e , m µ , m τ , respectively. The anomalies can be associated with total lepton-number, and new leptons are added to cancel this total lepton-number anomaly as is done in [7] . If one assigns the same value ℓ = 1 to all the SM leptons, as is done conventionally, the corresponding anomaly can also be solved for each generation [8, 9] . Both solutions involve many extra new leptons.
In this paper, we point out that setting ℓ = 1 for all SM leptons is not necessary for a gauged U(1) ℓ , and the three generations can have different lepton charges and one universal gauge couplings g ℓ . This simple observation amounts to taking U(1) ℓ to be entirely analogous to QED where different particles can have the different amount of charges but one universal coupling, e. Specifically we, can have ℓ = a, b, c for the three SM lepton generations in no particular order, and a, b, c are real numbers. In general, they can all be different. The case in which a = b = c = 1 was extensively studied in [8, 9] .
We further note that if two generations have equal and opposite lepton charges, e.g., b = −a, the anomalies cancelation can be achieved with a significantly reduced number of new leptons required. This is easy to see since we only need one set of vectorlike new leptons for single generation anomalies cancelation if the remaining generation has nonvanishing lepton charge, i.e., c = 0 2 . Details will be given in Sec. 2. Sec. 3 details the charged lepton mass matrix since the new charged leptons can mix with the SM partners. In Sec.4, we carefully study the SM gauge interaction with the presence of the exotic leptons which carry the SM quantum numbers. Experimental constraints on the mixings among the exotic leptons and the SM ones have to be carefully implemented. The resulting phenomenology of the Z ℓ has interesting features that distinguish from the previous studies. This is given in Sec. 5. Sec. 6 contains our conclusions. In general one can have kinetic mixing between U(1) Y and U(1) ℓ [10] , which is expected to be small. The mixing of the two gauge bosons was discussed in detail in [11] and references therein. These considerations will not be repeated here. 
II. ANOMALIES CANCELATION FOR U (1) ℓ
We extend the SM gauged group by adding a U(1) ℓ and is explicitly given as G =
First, discuss the anomalies of a single family. Without loss of generality, we can set ℓ = 1.
The new anomaly coefficients are
where A 5 stands for the lepton-graviton anomaly. While new chiral leptons are introduced to cancel Eq.(1), one also needs to make sure that the SM anomalies of
, and A 8 (U(1) Y ) are canceled. It is easy to check that the new vectorlike leptons in Table. I cancel the above anomalies. Since the pair of new leptons are vectorlike, the SM , 2); L 2R : (2, Table(I) . Since these states will have high electric charges and are stable, they are ruled out experimentally. Our solution is the only viable one with rational lepton charges.
It is also clear that if two generations have equal and opposite lepton charges, then each one of Eq.(1) will exactly cancel between the two families. This gives a simple solution to the 3 generation case: arranging two generations to have equal and opposite ℓ values, say 3 It is easy to check that if ℓ = a for the SM leptons where a is an integer the solution for the vectorlike leptons will be ℓ 1 = a, ℓ 2 = 0. ℓ = a, and the remaining generation is given by Table (I) which is anomaly free has ℓ = b.
For a = b, the three generations do not mix so that the flavor basis coincides with the lepton-number basis.
Without loss of generality, we can normalize the lepton charge such that b = 1. Then in general, |a| needs not be 1. However, in this paper, we are interested in |a| = 1 as it presents an interesting and novel phenomenology. This is due to the essential mixings of the SM leptons originating from the lepton charge assignments consistent with anomalies cancelation. In this case, flavor labels will be meaningful only after charged lepton mass diagonalization. We shall see in the later section that it might provide a partial understanding of why m e , m µ ≪ m τ . The case |a| = 1 will be left for a future study.
It is convenient to use the following (SU(2), U(1) Y , U(1) ℓ ) designations. The SM leptons are denoted as following:
, and
) and E 2L (1, −1, 0) retain their names as in Table I .
III. CHARGED LEPTON MASSES
Besides the SM Higgs doublet, H(2, 1/2, 0), a singlet scalar φ 1 (1, 0, 1) is introduced for U(1) ℓ symmetry breaking, and to make the exotic charged lepton heavier than the Fermi scale as in [8, 9] . The G invariant Yukawa interaction is i,j=1,2
After H and 
Without tuning, we expect
, and the Yukawa couplings are not displayed. In general, M c is not symmetric but it can be diagonalized by a bi-unitary
To proceed, we need further assumptions on the various Yukawa couplings.
It is instructive to consider the limiting case of f i = f ′ i = 1, ǫ i = ǫ∀ i which will be referred to as equal Yukawa limit (EYL). This will give a symmetric mass matrix with two zero eigenvalues. In order to generate these two small values (for e and µ), the perturbations
The simplified mass matrix, M ′c can be diagonalized, to the leading order, by an orthogonal transformation,
and
. It provides an interesting feature that two out of three SM charged leptons are below the Fermi scale, one is at electroweak scale, and two at the lepton symmetry scale. The above statement holds in the leading approximation. Now we can identify the first two light states to be the e, µ, the third one as the τ , and the two heavy ones as new yet to be discovered leptons with masses at the lepton symmetry breaking scale. Each physical state, except e, µ, is a linear combination of at least four gauge states. This situation is reminiscent of neutrino oscillations.
IV. SM GAUGE INTERACTIONS
We now return to the general case of M c and denote the mass(flavor) eigenstates bỹ e(= (e, µ, τ, E − , E + )). It can be shown that the QED part is flavor diagonal in the mass basis. Since L 2 and E 2 have different chiralities comparing to their SM counterparts, the SM neutral current(NC) and charged current(CC) interactions acquire the following extra interactions given by
where
In general, the new gauge interactions are flavor non-diagonal. Also, the CC part of Eq. (6) deviates from the standard (V − A) structure at low energies and can be searched for. The current experimental limit is roughly
derived from the right-handed W R boson mass limit, M W R 0.7TeV [15] (if assuming the coupling strength equals to g 2 ). Also, the NC part of Eq.(6) can induce tree-level flavor changing Z → eµ decay. The current bound B(Z → eµ) < 7.5 × 10 −7 [16] sets a more stringent limit that
or roughly, |g 
V. COLLIDER PHENOMENOLOGY
The existence of a Z ℓ is a robust prediction of a broken gauged U(1) ℓ , and its mass M X is a free parameter. It has vector couplings to the charged leptons in the initial gauge basis.
In the mass basis, this coupling matrix for EYL is given by
In general, the left-and right-handed mass diagonalizing matrices are different. Then Q
Charged lepton flavor violation (CLFV) couplings are expected.
Note that at the leading order, there is no tree-level τ + -τ − -Z ℓ coupling. Also, there are no µ-e-Z ℓ couplings.
Assuming that M X ≫ v, the following 4-lepton operators will be generated by integrating
When √ s < M X , the contribution from Z ℓ mediated processes are destructive and constructive relative to the SM one for e + e − → e + e − and e + e − → µ + µ − , respectively. From the corresponding 95%C.L. limits given by LEP2 [17] , the most constraining bound is
derived from that Λ + µµ > 18.9 TeV. In other word, v L > 7.54TeV and
Therefore, this model cannot accommodate the observed ∆a µ anomaly by Z l alone.
On the other hand, the collider signals are more promising. The decay signal of Z ℓ → e + e − , µ + µ − will be clean and unambiguous if the on-shell Z ℓ can be produced at the future colliders. However, the flavor non-universal Z ℓ couplings can be tested at the near-future e + e − colliders even the c.m. energy, √ s, is below M X . The contribution from Z ℓ will interfere with the SM ones mediated by Z, γ. For M Z < √ s < M X , the differential cross section for e + e − → ff is given by
where x = cos θ, θ is the scattering angle between particle f and the incident e − , N f c is the color factor of f , c W (s W ) is the cosine(sine) of the weak mixing angle, and g 
where q f is the electric charge of f , ρ e = (g ℓ /e) 2 , ρ µ = −(g ℓ /e) 2 , and ρ f = 0 for f = e, µ.
The photon and Z ℓ exchange are combined together since both have vector couplings to e and µ. The forward-backward asymmetry,
can be easily read from Eq. (14) . One example is shown in Fig.1 For example, the rare µ → 3e process can be generated by exchanging a Z ℓ . Following [18] , one has
Assuming that |Q ee l | ∼ 1, from Eq. (12) and that Br(µ → 3e) < 10 −12 [15] , we get |Q µe l | 4 × 10 −4 . A similar analysis for CLFV three-lepton tau decays with Br(τ → 3l) 10 −8 [15] give weaker bounds that |Q µτ l |, |Q eτ l | 10 −1 . Moreover, for √ s < M X , the flavor violating branching fraction at the e + e − colliders can be estimated to be
For example, if √ s = 1TeV and M X = 4TeV, B µe 10 −8 and B τ e,τ µ 10 −4 can be derived.
Therefore, if the CLVF τ decay branching ratios are close to the current bounds, the √ sdependent e + e − → µτ, τ e could be observed in the future e + e − colliders with an integrated
This anomaly-free arrangement requires only one-third of exotic fermions compare to the solution studied in [8, 9] . Therefore, the oblique parameter ∆S and ∆T [14] contraints,
, are much weaker than in [8, 9] . Using the experimental limit of △S exp < 0.25 [15] , it can be seen that even for degenerate exotic leptons they are within experimental bound. However, for exotic leptons with masses around ∼ 0.5(1.0)TeV, ∆T exp < .32 will require that the mass splitting between the isodoublet components have to be less than 20(10)%. Since the limits on the exotic charged particle mass from the direct search are around > 100 GeV [15] , it is expected that the charge neutral components acquire masses 100 GeV as well.
At the LHC, Z ℓ can be produced via the radiative Drell-Yan process, pp → e + e − Z ℓ [8] .
For the EYL scenario, the Z ℓ does not decay into τ + τ − . The signal will be an e + e − or a µ + µ − pair with the invariant mass peaking at M X . Neither signals will have jet activities.
However, limited by the contact interaction, the lepton-number breaking scale can only be modestly probed up to ∼ 0.5(1) TeV at the LHC13(30) if S/ √ B = 3 is required as detailed in [8] . Similarly, the heavy leptons can be pair produced at the LHC via the SM Drell-Yan process. Note that their production cross sections, ∼ O(1 − 100f b) if they are lighter than 500GeV, are independent of g ℓ and M X .
VI. DISCUSSION AND SUMMARY
In this work, a novel arrangement to promote the approximate lepton-number conservation in the SM to an anomaly-free gauged U(1) ℓ theory is presented. We have discussed the case that two out of the three SM lepton generations have the opposite U(1) ℓ charges as in [12, 13] , and the remaining one has its anomalies canceled with four exotic leptons, L 1,2
and E 1,2 (see Table I ), as introduced in [8, 9] . One singlet scalar is added to make the two exotic charged lepton heavier than the electroweak scale and to break U(1) ℓ spontaneously.
To the best of our knowledge, this solution requires the least number of new degrees of freedom to solve the anomalies. The resulting charged lepton masses and the SM gauge interactions have been carefully studied. The anomaly-free particle content results in new, in general flavor-changing, SM NC and CC interactions. The current experimental constraint on the flavor changing weak interactions suggests that the charged lepton mass matrix cannot be arbitrary. As an illustration, we have studied a simplified limit which satisfies the above mentioned experimental bounds, in which the Yukawa couplings are universal, and the charged lepton mass matrix is symmetric. We have found that this model naturally predicts two out of the three SM charged leptons acquire masses much below, and the other one around, the electroweak scale. This delightful consequence encourages one to entertain the possibility that the lepton charges for the three SM generations need not be the same.
A comprehensive discussion on the neutrino mass generation is beyond the scope of this paper. Unlike the charged lepton masses generation, which stems from the SSB of the SM electroweak and U(1) ℓ , the light neutrino masses, m ν , require more model building. In a nutshell, one can either add a pair of vectorlike singlets (1, 0, ±1) as in type-I seesaw, or a triplet scalar as in [9] for tree level m ν . Both of these scenarios require fine tuning of Yukawa couplings and/or triplet VEV. It can also be radiative generated by adding a set of scalars 6 similar to [8] .
The phenomenology of this model has mostly to do with the exotic degrees of freedom, similar to the discussion in [8] . However, Z ℓ phenomenology differs from the previous one since now the leptons have distinctive U(1) ℓ charges. A robust prediction is that e, µ, τ have different forward-backward-asymmetries at the e + e − colliders and can be searched for. Moreover, the flavor changing processes e + e − → τ µ, τ e can be anticipated at the e + e − collider, with √ s ∼TeV and an integrated luminosity ∼ ab −1 , if the branching ratios Br(τ → 3l) are not too much smaller than the current limits.
